ABSTRACT -Assessing the impact of forest management on bat communities requires a reliable method for measuring patterns of habitat use by individual species. A measure of activity can be obtained by monitoring echolocation calls, but identification of species is not always straightforward. We assess the feasibility of using analysis of time-expanded echolocation calls to identify free-flying bats in the Tomakomai Experimental Forest of Hokkaido University, Hokkaido, northern Japan. Echolocation calls of eight bat species were recorded in one or more of three conditions: from hand-released individuals, from bats flying in a confined space and from bats emerging from their roost. Sonograms of 171 calls from 8 bat species were analyzed. These calls could be categorized into 3 types according to their structure: FM/CF/FM type (
INTRODUCTION
Disturbances of foraging habitats may have serious effects on populations of insectivorous bats (e.g. Vaughan et al ., 1996; Law et al ., 1999; Racey and Entwistle, 2003) .
vided that the calls they give are loud enough. If we can distinguish between species using ultrasonic detectors, it should be possible to assess species differences in patterns of habitat use. Subjective identification of species from their calls can be extremely difficult and its accuracy is highly dependent on the experience and ability of the observer (see . An alternative way of identifying calls of free-flying bats is to record them using time-expansion bat detectors, measure various call parameters from sonograms, and then categorize the calls on the basis of those parameters (e.g. Vaughan et al ., 1997b; Parsons, 2001; Rydell et al ., 2002) . In order to do this, it is necessary to have a reference collection of calls of individuals of known species. These can then be analysed statistically to establish whether combinations of call parameters follow patterns that are species-specific. Methods that have been used to do this include discriminant function analysis (DFA), which has been used to identify bats in several studies in Europe and North America (Zingg, 1990; Obrist, 1995; Vaughan et al ., 1997b; Murray et al ., 1999; Parsons and Jones, 2000; Russo and Jones, 2002; Rydell et al ., 2002) , and synergetic pattern recognition algorithms performed by artificial neural networks (Parsons, 2001; Parsons and Jones, 2000) .
The structure of echolocation calls varies, not only between species, but also within species. A variety of factors have been shown to influence call structure, including geographical variation, foraging habitat and foraging mode (Aldridge and Rautenbach, 1987; Norberg and Rayner, 1987; Thomas et al ., 1987; Fenton, 1990; Barclay and Brigham, 1991; Obrist, 1995; Barclay et al ., 1999) . This means that reference calls recorded in a particular region, or in a particular habitat type, may not be applicable to other regions, or to other habitat types. Therefore, as far as possible, species identification methods should be developed in the region and habitat type where they are to be used.
The aim of this study was to develop a method for assessing interspecific variation in patterns of habitat-use by bats in the Tomakomai Experimental Forest, Hokkaido, Japan. In this paper, we examine characteristics of echolocation call structure for eight species that are found in forests in the region. We then examine the feasibility of identifying these species from their echolocation calls using discriminant function analysis. This is the first study to present an analysis of interspecific differences in echolocation calls in a community of Japanese bats.
METHODS

Study area
The main study area was Tomakomai Experimental Forest (TOEF: 42 ° 43´N, 141 ° 36´E), a research facility of Hokkaido University located near Tomakomai City in Hokkaido Prefecture, Japan. TOEF covers 2715 ha and consists of mature deciduous forest, secondary deciduous forest, and coniferous plantations, each of which occupies about 1/3 of the total area. Dominant tree species in the natural forests are Quercus crispula , Kalopanax pictus , Fraxinus mandshurica , Acer spp. , and Betula spp . The coniferous plantations consist mainly of Picea jezoensis and Abies sachalinensis .
Five species of bat have been caught in previous surveys in the forest: Rhinolophus ferrumequinum, Myotis macrodactylus, Myotis ikonnikovi, Murina leucogaster and Murina ussuriensis (Fukui et al ., 2001 ). In addition, Vespertilio superans, Nyctalus aviator and Eptesicus nilssonii are suspected be present, although they have not been caught. These species tend to fly above the forest canopy (Abe et al ., 1994) , and so are difficult to catch in nets set from ground level. However, all 3 species are common in Hokkaido, and one carcass of each of Vespertilio superans and Nyctalus aviator has been collected in the study area (Fukui, unpublished data) . Thus, we assumed that these three species are also likely to be part of the bat community at TOEF. To obtain calls for these species, we visited roosts at other sites in the same region. Calls of V. superans and N. aviator were recorded at Centennial Woods Park in Kutchan Town (42 ° 54´N, 140 ° 46´E), where several roosts of each species are known (Bat Research Group of Centennial Woods Fan Club, Kutchan, 2002) . The park is approximately 70 km from TOEF and consists of 27 ha of mixed woodland, largely Populus maximowiczii and Alnus japonica , surrounded by agricultural land. The calls of E. nilssonii were recorded at a roost in Kyogoku Town (42 ° 49´N, 140 ° 53´E), about 60 km from TOEF, where the roost is in the wall of a potato storehouse surrounded by fields.
Recording methods
We We checked their sex, maturity and reproductive condition, and measured their forearm length using calipers and body weight using a balance. To avoid recording the call of the same individual twice, we tagged them with numbered aluminium bands (2.9 mm, Lambournes Ltd., Leominster, England) on their forearms.
Calls were recorded using a Pettersson D240 bat detector (Pettersson Elektronik AB, Uppsala, Sweden) linked to a digital audio tape recorder (TCD-D100, SONY, Tokyo, Japan). The D240 was set to time-expansion mode, in which it records 1.75 s of ultrasound, slows the signal down ten times to bring it into the audible range, and plays it back. This technique preserves all characteristics of the original sound and allows accurate measurement of acoustic parameters. Captured bats were initially released inside a mosquito net (8 m 3 ) set on the forest road, and their echolocation calls were recorded as they flew inside the net. For Rhinolophus ferrumequinum , calls were also recorded when the bats hung from the roof of the mosquito net. There were two reasons for recording bats in the mosquito net. First, calls of both Murina species are very weak, which sometimes meant that we were unable to record any calls when they were released from the hand. Second, for some species the structure of echolocation calls given in open spaces is quite different from those given in cluttered areas. The confined space of the mosquito net was intended to simulate proximity to clutter. Once bats had been recorded in the mosquito net, they were released by hand, and the calls produced on release were also recorded. All bats were released on the forest road (width > 5 m) near the point of capture. Recordings were made with the detector held at the same height, and about 2 m from the released bat. Calls of V. superans , N. aviator and E. nilssonii were recorded from June to August 2003. Recordings were made as the bats left their roosts using the same equipment as in TOEF. The bats usually emitted loud, broadband calls immediately after emergence, which could be recorded from bats that were 20-50 m away from the roost exit.
Analysis of echolocation calls
The structure of recorded calls was analyzed using Bat Sound 3.1 software (Pettersson Elektronik AB, Uppsala, Sweden) with a sampling rate of 44.1 kHz and a Hanning window. FFT size was 512 for sonograms and 4096 for power spectra. One pulse of an echolocation call was selected at random from each bat individual in each recording situation (in the mosquito net, on hand released and during roost emergence) for analysis. We measured the following parameters from each pulse: duration (D), start frequency (SF, frequency at the start of the pulse), end frequency (EF, frequency at the end of the pulse), peak frequency (PF, frequency of maximum energy of the pulse) and center frequency (MF, frequency of highest energy taken at half pulse duration). Interpulse interval was also measured from the sequence of pulses for each individual, in each recording situation. Because the bats did not usually emit pulses at even intervals, we measured the longest interpulse interval (IPI-L) and shortest interpulse interval (IPI-S) in the sequence of echolocation calls. D, IPI-L and IPI-S were measured from oscillograms, PF from power spectra, and all other parameters from spectrograms.
Statistical procedures
For the five species for which calls were recorded from captured bats, multivariate analysis of variance (MANOVA) was used to test for differences between calls recorded in the mosquito net and on hand release. Peak frequency, duration and bandwidth (SF minus EF) were compared using Scheffe's test when significant difference had been confirmed by one-way analysis of variance (ANOVA) on calls of all species, except R. ferrumequinum .
R. ferrumequinum emits FM/CF/FM calls typical of rhinolophids (e.g. Vaughan et al ., 1997b) , while all other species produced FM or FM/QCF calls. As sonograms of calls of R. ferrumequinum could be easily distinguished from others by eye, they were omitted from the main statistical analyses. Multivariate discriminant function analysis (DFA) was applied to call parameters of the remaining seven species. Quadratic analyses were used because Box's M test showed that covariance matrices were not homogeneous ( p < 0.001). Quadratic discriminant analyses were performed using all seven parameters. Subsequently, the analyses were performed using only the five parameters (SF, EF, PF, MF and D) that could be taken from a single pulse, to assess the degree to which species discrimination would be possible in cases where only one pulse was recorded. Wilk's lambda values were obtained with a MANOVA to test for statistical significance of DFA models. MANOVA was performed with StatView 5.0 for Macintosh, and other tests were performed with SYSTAT 10 for Windows. In all tests, values of p< 0.05 were considered statistically significant.
RESULTS
In total, 171 echolocation calls were recorded from 129 individuals of eight species. Of these, 40.4% were recorded on hand-release, 33.9% in the mosquito net, and 25.1% during roost emergence (Table 1) .
Characteristics of echolocation call
Calls of each species were categorized into FM/CF/FM, FM and FM/QCF type, as defined by Schnitzler and Kalko (2001) .
FM/CF/FM type
Rhinolophus ferrumequinum produced typical FM/CF/ FM echolocation calls, i.e. calls with a long, strictly constantfrequency component (CF) preceded and followed by a brief, frequency-modulated (FM) sweep (Fig. 1) . Peak frequency in the calls of this species was 65.0 kHz (Table 2) . R. ferrumequinum was the only species with FM/CF/FM type calls in the TOEF.
FM type
All four species of the genera Myotis and Murina emitted FM calls (Fig. 2) . The peak frequency of Murina ussuriensis was the highest of the four species (86.3 kHz; Table 2 , Scheffe's test, p< 0.05). There was little difference between the peak frequencies of other three species. Duration of calls of the two species of Myotis were longer than those of the two species of Murina (Scheffe's test, p< 0.05). Both species of Murina had broader bandwidth than the two Myotis (Scheffe's test, p< 0.05). In all species, interpulse interval was very variable (see Table 2 ). MANOVA showed that the only significant differences between hand-release calls and mosquito net calls were for My. macrodactylus , (Wilk's lambda=0.20, F 7,11 =6.3, p< 0.05). MF for this species in the mosquito net was higher than that of hand released calls (ANOVA, F 1,17 =6.2, p< 0.05), and D, IPI-S and IPI-L in mosquito net were shorter than those of hand-released bats, respectively (D: F 1,17 =4.5, p< 0.05; IPI-S: F 1,17 =21.2, p< 0.05; 
FM/QCF type
Calls of Eptesicus nilssonii , Vespertilio superans and Nyctalus aviator were all defined as FM/QCF type. These pulses had two components: they began with steep frequency modulation (FM), and moved to shallow frequency modulation (quasi-constant frequency, QCF) in latter part of the pulse (Fig. 3) (Table 2) .
Discriminant function analysis
Quadratic discriminant function analysis using all 7 parameters resulted in 92% of 171 records of echolocation calls being correctly classified to one of the seven species (Table 3) . MANOVA showed that the model was significant (Wilk's lambda=0.001, F 42,688 =62.0, p<0.05). The first 3 discriminant functions explained 99.9% of total variation. For four species classification was 100%. Ten of the 13 cases of misclassification involved two species, My. ikonnikovi and Mu. leucogaster (Table 3) . For the preceding analysis, 45 bats contributed more than one data point, as they were recorded both in the mosquito net and on hand release. When the analysis was re-run with only one call taken for each individual bat (n=126), 85% of calls were correctly classified.
In the canonical score plot, the cluster of Mu. ussurien- sis was distinct from clusters of other species (Fig. 4) . The other three FM type species (My. macrodactylus, My. ikonnikovi and Mu. leucogaster) showed some overlap. Clusters of 3 FM/QCF type species were contiguous, but with very little overlap (Fig. 4) . Quadratic discriminant function analysis using 5 parameters indicated that 87% of 171 calls were classified into correct species (Table 4) . MANOVA showed that the model was significant (Wilk's lambda=0.001, F 30,594 =98.8, p<0.001). The first three discriminant functions explained 99.7% of total variation. Classification rates in each species ranged from 72% (My. ikonnikovi) to 100% (E. nilssonii and Mu. ussuriensis). Twenty-eight percent of My. ikonnikovi calls were misclassified as Mu. leucogaster and My. macrodactylus, and 27% of N. aviator calls as V. superans (Table  4) . Clusters of N. aviator and V. superans overlapped extensively in the DFA score plot when 5 parameters were used (Fig. 5) . The degree of overlap between clusters of other species was similar.
DISCUSSION
Characteristics of echolocation calls
Of the eight species found in the broad-leaved boreal forests of southern Hokkaido, R. ferrumequinum and E. nilssonii have been studied in other parts of their distribution, and parameters of their echolocation calls have been published (Vaughan et al., 1997b; Parsons and Jones, 2000; Russo and Jones, 2002; Zingg, 1990) . For the remaining six species (Mu. ussuriensis, Mu. leucogaster, My. ikonnikovi, My. macrodactylus, V. superans and N. aviator) this study provides the first description of their call structures.
Mu. ussuriensis is one of the smallest of the Murininae (forearm length 28.3-34.0 mm) and is distributed in eastern Russia, Korea and Japan. Mu. leucogaster is the largest species of the genus (forearm length 40-44 mm) and is distributed in eastern Asia (Koopman, 1993) . Both Murina species emitted FM calls of very short duration, broad bandwidth and low intensity (Fig. 2, Table 2 ), which were similar to those described for three Murina species in Malaysia (Kingston et al., 1999) . Short, broad-band and low intensity FM calls are thought to be used for the detection of arthropod prey in clutter (Simmons et al., 1979; Neuweiler, 1989; Schnitzler et al., 2003) . Kingston et al. (1999) suggested that calls of Murina species in Malaysia facilitate highly accurate target localization in terms of both range and angle estimation and can thus be interpreted as an adaptation to foraging in the highly cluttered environment of the forest understory. Therefore, echolocation calls of Murina in this study area would be suitable for highly cluttered forest understory.
The two Myotis species in this study emitted typical FM calls. The interpulse interval for these species was longer than for the Murina ussuriensis, and the bandwidth was narrower than Murina species. Although there is no information about habitat use by either My. ikonnikovi or My. macrodactylus, studies of other species suggest that this call type is characteristic of "narrow or edge space aerial/trawling forager" (Schnitzler et al., 2003) . For My. macrodactylus, temporal parameters (D, IPI-S and IPI-L) of hand-released calls and calls recorded in the mosquito net were significantly different. This suggests that My. macrodactylus varies the characteristics of its calls according to whether it is in cluttered space or uncluttered (or backcluttered) space. For DFA, it is preferable to analyze both types of call structure together, as under natural conditions, it is possible that My. macrodactylus flies in both uncluttered and cluttered space. The call structures of the three FM/QCF species presented here are similar to those of related European species described in the literature (N. leisleri, N. noctula and E. serotinus; Vaughan et al., 1997b) . These species are expected to forage mainly in open spaces (Vaughan et al., 1997a) , because FM/QCF calls are suitable for use in open environments with some obstacles (Simmons et al., 1979) . In our results, the degree of frequency modulation of the QCF part was very variable (Fig. 3) . Such variation has also been reported in previous studies (Vaughan et al., 1997b) . It is known that FM/QCF bats emit relatively long, narrowband signals in uncluttered space, but emit shorter and broader-band signals in background cluttered space such as gaps or edges Kalko, 1998, 2001 ). When we recorded the calls of these species the bats had just left their roost and were dispersing in various directions. Some bats were recorded flying in fairly open space, whereas others were flying near to clutter, and this may have been the source of variation in the structure of calls recorded.
Myotis ikonnikovi
The call structures of R. ferrumequinum (Vaughan et al., 1997b; Parsons and Jones, 2000; Russo and Jones, 2002) and E. nilssonii (Zingg, 1990) have been described previously for other regions. R. ferrumequinum has a very wide distribution across temperate Europe and Eurasia (Koopman, 1993) . This species is typical of narrow-space CF bats, which hunt from perches for passing insects (Schnitzler and Kalko, 1998) . In Europe, the peak frequency of this species is quite different from that in Japan (England: 82.08 kHz, Parsons and Jones, 2000; Italy: 81.3 kHz, Russo and Jones, 2002; Japan: 65.5 kHz, Taniguchi, 1985 and 65 .0 kHz, this study). Heller and Helversen (1989) noted that for R. ferrumequinum in Europe there seems to be a cline along which call frequencies decrease continuously from NW to SE. This trend may possibly extend as far as the Japan, as the frequency of calls of R. ferrumequinum in Japan was much lower than in Europe. The distribution of E. nilssonii also includes parts of temperate Europe and Eurasia (Koopman, 1993) . The peak frequency of this species is 28.0 kHz in Switzerland (Zingg, 1990) , which is lower than in Japanese individuals (30.5 kHz, this study), although the difference is smaller than that found for R. ferrumequinum. The occurrence of such geographic variation in call parameters means that studies that use characteristics of echolocation calls to attempt to identify species must be sure to compare them to calls of known individuals from the same region.
Discriminant function analysis
The results show that Discriminant Function Analysis of parameters of echolocation calls is a feasible method for identifying bats in the assemblage of species found in broad-leaved boreal forests in southern Hokkaido. The overall level of accuracy of the DFA was high (92% ; Table 3 ), and remained high even when the analysis was based on only 5 parameters obtained from a single pulse (87%; Table  4 ). The rates of correct classification were comparable to, or better than, those achieved by other studies that have used DFA to classify calls from individual bats of known species (Obrist, 1995; Zingg, 1990; Vaughan et al., 1997b; Murray et al., 1999) . One reason why this study obtained higher accuracy of classification than some others may have been that it was based on relatively few species. In particular, only two species of Myotis inhabit the study region. In many cases the echolocation calls of sympatric Myotis species are similar in structure and show extensive large overlap in spectral and temporal parameters making them difficult to distinguish from one another Vaughan et al., 1997b) .
It is important to note, however, that certain species, such as My. macrodactylus, E. nilssonii, N. aviator and V. superans, changed the structure of their echolocation calls in response to changing environmental conditions of the flight space. It is therefore essential to develop a reference collection of calls that includes recordings of individuals of each species flying in a variety of environments. As far as possible, the collection should include all environmental conditions in which the bats may be encountered in the field.
Although classification by DFA was more accurate for some species than for others, accuracy was high for all species. This suggests that it should be possible to study species-specific patterns of habitat use by bats in forests in the study area using acoustic monitoring alone. In practice this may be less straightforward than it appears to be, however. Levels of activity cannot be compared directly across species, because different species give calls of different intensity (Waters and Jones, 1995) , and this influences the distance that they can be detected from. It should be possible to examine the habitat requirements of each species independently by assessing relative levels of foraging activity in various environmental conditions. However, this may also be problematic for certain species. The calls of the three FM/QCF type species were very loud, and could be detected at distances of over 50 m (Fukui, personal observation) , which means that they may be recorded from habitat types adjacent to those being surveyed. This problem could be overcome to some extent by ensuring that sampling of a particular habitat type was always done as far as possible from borders with other habitat types. By contrast, the calls of the two Murina species and Rhinolophus ferrumequinum were very quiet, and could only be recorded in close proximity. Consequently, in a survey of habitat use, the calls of these species may be detected very rarely, even in areas where they are frequently active. In view of this limitation, acoustic monitoring should probably not be used in isolation, but should be supplemented with survey techniques involving capture.
Assessing species differences in habitat use
Patterns of habitat use and foraging behavior of bats have been interpreted in terms of the structure of echolocation calls (Neuweiler, 1989; Schnitzler et al., 2003) , as mentioned above, and aspects of wing morphology (Norberg and Rayner, 1987) . In theory, it should be possible to predict the kinds of habitat that each species in a bat community is likely to be associated with on the basis of these characteristics. Such predictions could then be used to develop plans for conservation management that would enhance habitats for bats. However, it is first necessary to establish whether the predictions are valid for a broad range species by assessing patterns of habitat use in the field.
This study has shown that acoustic identification of species is a promising method for establishing patterns of habitat use by the bat community in boreal broad-leaved forests in southern Hokkaido. When calls of unknown bats are recorded in the field, they can be classified to species using the methods described here. This approach is less invasive, and can provide much more quantitative data about activity patterns, than surveys based on capturing bats. Such data can then be used both to test the accuracy of general predictions based on call structure and wing morphology, and to provide profiles of the habitat requirements of individual bat species which is essential information for promoting their conservation (see Vaughan et al., 1997; Russo and Jones 2003) .
